Mouse spermatozoa from the caudae epididymides could be freeze-dried without losing their ability to support normal development. Immature spermatozoa from the testes, in contrast, were damaged by freeze-drying. However, immature spermatozoa became resistant to freeze-drying after their treatment with diamide, which oxidizes free -SH groups. Conversely, epididymal spermatozoa were damaged by freeze-drying if first treated with dithiothreitol (DTT), which reduces -SS-bonds. The potential for freeze-drying damage seems likely to relate to the -SSstatus of sperm proteins, in particular its protamines.
INTRODUCTION
Sperm cryopreservation has greatly facilitated assisted reproduction in livestock and laboratory animals as well as humans [1, 2] . Freezing in liquid nitrogen (Ϫ196ЊC) is the gold standard for long-term storage of spermatozoa. However, this approach is by no means problem free. The shipping of liquid nitrogen is considered hazardous, requires a special container, and is not accepted by certain airlines. It is expected that in the future, regulation of the shipment of frozen spermatozoa in liquid nitrogen or with dry ice will increase rather than decrease. On the other hand, the storage of spermatozoa in a freeze-dried state at ambient temperature would eliminate many problems inherent in conventional sperm storage and shipment.
Although attempts to freeze-dry mammalian spermatozoa are not new [3] [4] [5] [6] , not until 1998 was it shown that mammalian (mouse) spermatozoa can be freeze-dried without losing their ability to initiate and support normal development [7] . This necessarily involves intracytoplasmic sperm injection (ICSI), however, since the spermatozoa are no longer ''alive and motile.'' We are improving the freeze- [8, 9] , and our ultimate goal is to store spermatozoa indefinitely at ambient temperature without damaging the genome.
The conventional method of sperm cryopreservation obviously requires fully mature spermatozoa, from either semen [10] or the caudae epididymides [11] , and our previous studies with freeze-drying also have involved mature spermatozoa [7] [8] [9] . However, if males do not have mature spermatozoa in their semen or in the epididymides, can we freeze-dry spermatozoa recovered from the testes? One prominent difference between immature and mature spermatozoa is the thiol status of their protamines and perinuclear theca proteins with those of immature spermatozoa lacking the extensive -SS-cross-linking seen in mature spermatozoa [12] [13] [14] [15] [16] [17] . This lack of cross-linking makes the nucleus of immature spermatozoa vulnerable to physical and chemical disruption. We report here that immature spermatozoa are indeed vulnerable to damage from freezedrying but become resistant to this when their free thiols are oxidized to disulfides by diamide. Conversely, epididymal spermatozoa become vulnerable to damage by freezedrying when treated with the disulfide-reducing agent, dithiothreitol (DTT).
MATERIALS AND METHODS

Animals
Hybrid mice B6D2F1 (C57BL/6 ϫ DBA/2) were used as oocyte and sperm donors. Females and males were 2-3 mo and 3-5 mo old, respectively, when used. Out-bred CD-1 female mice, 2-4 mo old, were used as recipients of two-cell embryos. All animals were maintained in an airconditioned (22ЊC) and light-controlled room (14L:10D with light starting from 0700 h) according to the guidelines of the Laboratory Animal Service at the University of Hawaii and those prepared by the Committee on Care and Use of Laboratory Animals of the National Research Council (DHEW publication no. 1985) .
Media
All organic and inorganic chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. CZB medium [18, 19] supplemented with 5.56 mM D-glucose was used for the culture of oocytes after sperm injection. A modified CZB medium, called Hepes-CZB medium, contained 20 mM Hepes-HCl, 5 mM NaHCO 3 , and 0.1 mg/ml polyvinyl alcohol (PVA; cold-water soluble; M r 30 000-70 000) instead of bovine serum albumin [20] . This medium was used for oocyte collection and sperm injection. CZB and Hepes-CZB media were used in atmospheres of 5% CO 2 in air and air, respectively.
The medium for sperm freeze-drying, called EGTA Tris-HCl-buffered solution, consisted of 50 mM EGTA [ethylene glycol-bis (beta-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid], 50 mM NaCl, and 10 mM Tris-HCl buffer [8] . Its pH value was adjusted to 8.0 by adding a small quantity of 
46 (3) 66 (4) 53 (3) 42 (4) 29 (3) 32 (3) 43 ( 1 M HCl [9] . This medium was kept at 4ЊC for less than 1 wk and was warmed to 37ЊC before use.
Collection, Treatment, and Freeze-Drying of Spermatozoa
For each experiment, spermatozoa were released from two caudae epididymides. The distal end of each caudae was cut with a pair of sharp forceps, and the dense masses of spermatozoa emerging were placed at the bottom of 1 ml EGTA Tris-HCl-buffered solution in a 1.5-ml polypropylene microcentrifuge tube (no. 05-408-10, Fisher Scientific, Pittsburgh, PA). This tube was kept at 37ЊC for 10 min, allowing spermatozoa to disperse into the buffer. The upper 800 l of the buffer with spermatozoa was carefully transferred to another tube. In some experiments, drops of 1-M stock solution of diamide or DTT were mixed thoroughly with the sperm suspension such that the final concentration of diamide and DTT were 1 or 10 mM, respectively. Diamide is a thiol-oxidizing agent, and DTT is a disulfide-reducing agent [21] . The buffer containing with spermatozoa was allowed to stand for 30 min at room temperature (24-26ЊC) before it was divided into eight 100-l aliquots in long-neck glass ampules for freeze-drying (no. 651506, Wheaton, Millville, NJ).
Testicular spermatozoa were prepared as follows. A testis was held under finger pressure, the tunica albuginea was punctured with a pair of sharp forceps, and a small mass of seminiferous tubules was removed by grasping and lifting the tubules until they broke into 4-6-mm fragments. This procedure was repeated several times until a bolus of the tubules accumulated within the tip of the forceps. The bolus was then transferred into 1 ml of EGTA Tris-HCl-buffered solution with or without 1 or 3 mM diamide or DTT in a culture dish (no. 3037, Falcon, Franklin Lakes, NJ). After gentle mixing, large tissue debris was removed. This buffer, containing testicular spermatozoa (free and Sertoli-cell bound), spermatogenic cells, and other cells, was allowed to stand for 30 min at room temperature before it was divided into 10 100-l aliquots in glass ampules.
Freeze-drying was carried out using the procedure described previously [8, 9] . Briefly, the ampules containing 100-l aliquots of sperm suspension with or without diamide or DTT were plunged into liquid nitrogen for 20 sec and then connected to the freeze-drying machine (Freeze-Dry Systems 77530, Labconco, Kansas City, MO). After 4 h of freeze-drying, each
Preparation of Oocytes and ICSI
Females were induced to superovulate by intraperitoneal injection of 5 IU eCG (Calbiochem, La Jolla, CA) followed by injection of 5 IU hCG (Calbiochem) 48 h later. Cumulus-oocyte complexes were collected from oviducts at 13-15 h after hCG injection. Oocytes were freed from cumulus cells by treatment for 3 min with 0.1% bovine testicular hyaluronidase (359 units/mg solid) in Hepes-CZB medium and then rinsed and kept at room temperature in fresh Hepes-CZB medium for less than 10 min before use.
An ampule of freeze-dried spermatozoa was opened, and spermatozoa were rehydrated by adding 100 l of sterile distilled water. A small volume (ϳ3 l) of the sperm suspension was mixed with 10 l of Hepes-CZB medium containing 12% (w/v) polyvinylpyrrolidone (PVP; M r 360,000, ICN Pharmaceuticals, Costa Mesa, CA). Rehydrated spermatozoa often had separated heads and broken tails. Those with visibly ''intact'' heads and tails were selected and transferred to another droplet of Hepes-CZB medium with 12% PVP to remove EGTA, diamide, and DTT in the freezedrying medium. A single spermatozoon was drawn, tail first, into the injection pipette in such a way that its neck (the junction between the head and tail) was at the opening of the pipette. The head was separated from the tail by applying a few piezo pulses to the neck region, and only the head was injected into each oocyte, as described previously [20, 22] . Injected oocytes were cultured in CZB medium. Spermatozoa that were not freeze-dried were also injected into oocytes to serve as controls.
Analysis of Sperm Chromosomes
Sperm chromosomes can be examined by injecting a single spermatozoon into an enucleated oocyte, the sperm chromosomes that appear to be arrested on the metaphase of the first cleavage. In this study, however, we did not enucleate oocytes, as our preliminary studies revealed that less than 1% of normal mouse oocytes have abnormal chromosomes [8, 9] . Therefore, virtually all aberrant chromosomes on the metaphase of the first cleavage following ICSI were assumed to be of sperm origin. The procedures were as follows. About 5 h after ICSI, oocytes with two distinct pronuclei and a second polar body were placed in CZB medium containing 0.006 g/ml vinblastine to arrest eggs at the metaphase of the first cleavage. Between 19 and 21 h after ICSI, the eggs were freed from the zona pellucida by treatment for 5 min with 0.5% pronase (1000 tyrosine units/ mg, Kaken Pharmaceuticals, Tokyo, Japan) in phosphate-buffered saline (PBS). Zona-free eggs were then treated with hypotonic solution (1:1 mixture of 30% fetal bovine serum and 1% sodium citrate) and fixed by air drying on glass slides [23] . Chromosomes on slides were stained with 5% Giemsa (Merck, Darmstadt, Germany) in PBS (pH 6.8) for 10 min. Two groups of metaphase chromosomes were seen, one of which always consisted of a normal haploid set and the second of which had either a normal or an abnormal set of chromosomes. It was assumed that eggs with two normal haploid chromosome sets had been fertilized by normal spermatozoa (Fig. 1A) and those with aberrant chromosomes in one of the two chromosome sets by chromosomally abnormal spermatozoa (Fig. 1B) .
Embryo Transfer
At about 5 h after ICSI, eggs with two distinct pronuclei and a second polar body were cultured in CZB medium. Within 20-24 h after ICSI, embryos that had developed to the two-cell stage were transferred into oviducts of CD-1 females made pseudopregnant by mating with vasecto-1861 FREEZE-DRYING MOUSE SPERMATOZOA 
Analysis of Data
The data from different treatments were compared by chi-square test analysis using the Yates correction for continuity.
RESULTS
We assessed the normality of sperm chromosomes by examining chromosomes of fertilized eggs at the metaphase of the first cleavage following ICSI. When fresh testicular spermatozoa with or without diamide treatment were injected, the vast majority of the fertilized eggs had normal chromosomes, indicating that most testicular spermatozoa had intact chromosomes (experiments 1 and 3 in Table 1 ). After freeze-drying, only 3% of the testicular spermatozoa were chromosomally normal, indicating that they were vulnerable to damage by freeze-drying (experiment 2). When testicular spermatozoa were treated with 1 or 3 mM diamide before and during freeze-drying, the number of spermatozoa with normal chromosomes increased significantly (experiments 4 and 5). DTT had an opposite effect (experiment 6). Table 2 summarizes the results of experiments in which spermatozoa from the caudae epididymides were freezedried with or without diamide or DTT treatment. The majority of untreated epididymal spermatozoa had normal chromosomes before and after freeze-drying (experiments 1 and 2), as did those treated with diamide (experiment 3). DTT, on the other hand, reduced the incidence of chromosomally normal spermatozoa after freeze-drying (experiments 4 and 5), though it had no detrimental effect on the chromosomes of epididymal spermatozoa (experiment 6).
The development of two-cell embryos derived from oocytes injected with testicular spermatozoa is summarized in Table 3 . Only two normal living term fetuses were obtained from two-cell embryos created with testicular spermatozoa freeze-dried without diamide (experiment 2). By contrast, we obtained 24 normal term fetuses with freeze-dried testicular spermatozoa treated with diamide (experiments 3 and 4). When two female and two male offspring from experiment 3 were randomly selected and allowed to mature and mate, they all produced offspring of normal litter sizes.
DISCUSSION
This study shows that the chromosomes of testicular spermatozoa are vulnerable to damage from freeze-drying and become resistant to it after treatment with the -SH oxidizing agent, diamide. In contrast, DTT, which reduces protein -SS-to -SH, made epididymal spermatozoa susceptible to damage from freeze-drying. Sperm proteins that would be affected by DTT and diamide include cysteinerich protamines and lamin B in the nucleus and a basic protein, calicin, in the perinuclear theca [13, 15, 17, 24] . Of these, protamines are most likely to be responsible for genetic (chromosomal) integrity of sperm nucleus in face of an artificial insult such as freeze-drying. The fact that some testicular spermatozoa could withstand freeze-drying without diamide treatment and produce live offspring (experiment 2 in Table 1 and experiment 2 in Table 3 ) may be explained by the fact that the protamines are partially cross-linked in about 10% of mouse testicular spermatozoa [21] . The fact that testicular spermatozoa completely lost their tolerance to freeze-drying after DTT treatment (experiment 6 in Table 1 ) supports the view that the -SS-crosslinks of the sperm head, and most probably those of the nucleus, make the sperm nuclei resistant to damage by freeze-drying.
Diamide, which oxidizes protein -SH to -SS-, did not make epididymal spermatozoa more resistant to damage by freeze-drying (experiment 3 in Table 2 ) because free thiols of the sperm head are almost fully cross-linked by the time the spermatozoa reach the caudae epididymides [13, 21] . The finding that a high concentration of DTT, which re-duces -SS-to -SH, rendered epididymal spermatozoa vulnerable to freeze-drying (experiments 4 and 5 in Table 2 ) again supports the view that protein -SS-makes spermatozoa resistant to harsh physical treatment such as freezedrying. We now show that testicular spermatozoa can be made resistant to freeze-drying damage and can produce live offspring (experiments 3 and 4 in Table 3 ), although there is room for technical improvement to make these procedures more efficient.
Because the protamines of noneutherian vertebrates (from most fish to marsupials) have little or no cysteine [13] , it may be that the spermatozoa of these species cannot be freeze-dried successfully. However, it is possible that spermatozoa of some invertebrates (such as grasshoppers) that have nuclear protamines rich in -SH [25, 26] may become resistant to freeze-drying damage after diamide treatment. Recently, Bhowmick et al. [27] reported successful ''drying'' (without freezing) of mouse epididymal spermatozoa. Whether mammalian testicular spermatozoa and spermatozoa of noneutherian mammals can be dried and kept for many days without losing their genetic integrity remains to be determined.
